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1 .O SUMMARY 
Electrochemical  behavior  of t i t an ium i n  t h e  presence of halogens a t  var ious  
va lues  of pH w a s  s tud ied .  Phys ica l  measurements w e r e  made t o  c h a r a c t e r i z e  
the  s i l i c o n  s u b s t r a t e  of s o l a r  cel ls .  Experiments were undertaken t o  meas- 
u re  t h e  po ros i ty  of t h e  silver con tac t  l a y e r  on s o l a r  cells. Some of t h e  
s i g n i f i c a n t  r e s u l t s  of t h e  work are: 
o Titanium corros ion  can occur under condi t ions  of moderately a c i d i c  pH 
i n  t h e  presence of F-. 
o Chemical e tch ing  of t he  s i l i c o n  wafers  causes t h e  mot t led  appearance 
of t h e  s o l a r  c e l l  con tac t s .  Evaporated t i t an ium and s i lver  r e f l e c t  
t h e  contours  of t h e  s i l i c o n  s u b s t r a t e .  
o S i l i c o n  wafers  p r i o r  t o  con tac t  depos i t i on  con ta in  F-. 
o The po ros i ty  of s i lver  t o  humidity has  been t e n t a t i v e l y  v e r i f i e d ,  bu t  
an  unexplained b l i s t e r i n g  of t i t an ium-free  s i l ve r  on s i l i c o n  w a s  
observed. 
1 
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2 .O INTRODUCTION 
This r e p o r t  desc r ibes  t h e  work performed a t  Boeing during t h e  second re- 
po r t ing  per iod  of NASA-Headquarters Contract  NASW-1859, " Inves t iga t ion  i n t o  
the  Mechanism of Degradation of So la r  Cells w i t h  Silver-Titanium Contacts." 
This  c o n t r a c t  is  under the  d i r e c t i o n  of Arvin H. Smith, Of f i ce  of Advanced 
Research and Technology, Nat iona l  Aeronautics and Space Adminis t ra t ion,  
Washington, D.C. The con t r ac t  performance pe r iod ,  o r i g i n a l l y  9 months, has  
been extended t o  1 3  months, ending May 1, 1970. 
So la r  cel ls  w i t h  s i l ve r - t i t an ium con tac t s  are known t o  degrade i n  normal 
atmospheric cond i t ions ,  t h e  process  being acce le ra t ed  i n  humid environments. 
This degrada t ion  i s  i d e n t i f i e d  by t h e  appearance of s m a l l  b l i s t e r s  on t h e  
s i l v e r e d  su r faces  and by a decrease  i n  performance as measured from cur ren t -  
vo l t age  (I-V) curves.  Ult imately t h e  s i lver  l a y e r  completely sepa ra t e s  from 
the  cel l .  
The o b j e c t i v e  of t h i s  program i s  t o  understand and c h a r a c t e r i z e  t h e  degrada- 
t i o n  mechanism. Work performed during the  f i r s t  3 months of t h i s  c o n t r a c t  
showed t h a t  degradat ion involved e lec t rochemica l  cor ros ion  and could be  pro- 
duced a t  acce le ra t ed  rates under con t ro l l ed  l abora to ry  condi t ions .  Mass 
spec t rographic  a n a l y s i s  of s o l a r  cel ls  d i sc losed  many elemental  contaminants,  
no tab ly  F- and C 1 - ,  which could b e  c r i t i ca l  t o  t h e  cor ros ion  process .  It 
w a s  a l s o  shown t h a t  s o l a r  c e l l s  p laced  i n  a H C 1  atmosphere degraded a t  an 
acce le ra t ed  rate, sugges t ing  t h a t  t h e  presence of h a l i d e s  promotes t h e  cor- 
ro s ion  process .  Visual  i n spec t ion  of s o l a r  c e l l  su r faces  d i sc losed  what 
appear t o  be g r a i n  boundaries w i t h i n  the  si lver layer,  b u t  o p t i c a l  and elec- 
t r o n  micrographs showed t h a t  t h e  "boundaries" were a c t u a l l y  p l a t eaus .  
2 
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3 .O TECHNICAL ACHI  EVEMENTS 
The work performed during t h e  p a s t  5 months has  concentrated on c o r r e l a t i n g  
previous observa t ions  wi th  the  a c t u a l  cor ros ion  process .  The e f f e c t s  of F- 
and C1-  on t i t an ium corros ion  were s tud ied .  S i l i c o n  wafers  w e r e  micrographed 
p r i o r  t o  evaporat ion of t h e  t i t a n i u m / s i l v e r  con tac t s  t o  c h a r a c t e r i z e  the  
g r a i n  p l a t eaus  observed on t h e  s u r f a c e  of f i n i s h e d  s o l a r  cel ls .  Direct proof 
of t h e  p o r o s i t y  of t h e  s i lver  l a y e r  w a s  sought w i th  i n t e r n a l  r e f l e c t i o n  
spectroscopy.  
3 .1  CONSTANT POTENTIAL TESTS 
Solar  cel ls  were exposed t o  chemical s o l u t i o n s  a t  var ious  app l i ed  p o t e n t i a l s  
during the  f i r s t  performance per iod of t h i s  con tac t  (Ref. 1). This work has  
been continued , using the  experimental  appara tus  descr ibed previous ly .  
Solu t ions  of 1 normal NH F(pH = 7.1) and 1 normal NaOH(pH = 12) were used t o  
complete t h e  e n t i r e  pH range. The s o l a r  c e l l s  w e r e  p e r i o d i c a l l y  removed 
from t h e  s o l u t i o n s  and I - V  curves were taken.  There w a s  no s i g n  of degrada- 
t i o n  after 109 hours i n  the  NH F s o l u t i o n  maintained a t  0 .1  v o l t  versus  a 
s a t u r a t e d  calomel e l e c t r o d e  an$ 144 hours i n  NaOH a t  0.0 v o l t s .  
4 
These r e s u l t s  are p r e d i c t a b l e  from Pourbaix diagrams. Our d a t a  p o i n t s  are 
p l o t t e d  on t h e  Pourbaix diagram f o r  the  t i tanium-water system, modified f o r  
T i H 2 ,  i n  F igure  1 (Ref. 2 ) .  A t  p H ' s  of 7 and 12 and a t  the  p o t e n t i a l s  ap- 
p l i e d ,  t h e  thermodynamically s t a b l e  spec ie s  i s  the  oxide which would be 
expected t o  form a p r o t e c t i v e  l a y e r  and h inde r  cor ros ion .  
H C 1  degradat ion occurred previous ly  i n  84 hours a t  -0.3 v o l t  and 51 hours 
a t  0.0 v o l t  (Ref. 1). These condi t ions  are i n  the  region where s o l u b l e  
t i t an ium spec ie s  are formed, a l lowing f u r t h e r  degradat ion.  The increased  
degradat ion ra te  a t  0.0 v o l t  occurs  because of t he  h igher  appl ied  anodic  
p o t e n t i a l ,  r e s u l t i n g  i n  a h igher  overvol tage t o  d r i v e  the  r e a c t i o n .  
With 1 normal 
3.2 REST POTENTIAL TESTS 
Titanium corros ion  i n  a c i d i c  s o l u t i o n s  i n  t h e  presence of va r ious  ions  has  
been s tud ied  by several i n v e s t i g a t o r s  (Ref. 3,4,5).  Halogens, e s p e c i a l l y  
F-, enhance t i t an ium corros ion  i n  s o l u t i o n s  of low pH (Ref. 4 ,6 ) .  However, 
no experimental  d a t a  w a s  found on co r ros ion  behavior  i n  s l i g h t l y  a c i d i c  (pH 
5 t o  7) s o l u t i o n s .  This a c i d i t y  range i s  a t t a i n a b l e  i n  s o l u t i o n s  exposed 
t o  t h e  atmosphere. 
Pieces of 1-mil-thick t i t an ium w e r e  abraded wi th  emery c l o t h ,  cleaned wi th  
a l coho l ,  and placed i n  s o l u t i o n s  of water, 1 normal NH4F, and 1 normal NH4F 
ad jus t ed  t o  a pH=5. The r e s u l t i n g  rest p o t e n t i a l s  are p l o t t e d  as a func t ion  
of t i m e  i n  Figure 2. Po in t s  1 and 2 on the  w a t e r  curve r ep resen t  t h e  addi- 
t i o n  of approximately 
the  s o l u t i o n  pH t o  5 ,  r e spec t ive ly .  The changes seen i n  the  rest p o t e n t i a l s  
r e f l e c t  t hese  pe r tu rba t ions .  The t i t an ium i n  t h e  1 normal NH4F (pH = 5) 
s o l u t i o n  immediately began tu rn ing  b lack  wi th  t h e  evolu t ion  of a gas ,  pre- 
sumably hydrogen. Af t e r  17.5 hours ,  t he  s o l u t i o n  contained a s o l i d  r e s i d u e  
and exh ib i t ed  a p a l e  v i o l e t  c o l o r ,  c h a r a c t e r i s t i c  of Ti+3- 
t i t an ium-solu t ion  i n t e r f a c e ,  t h e  t i t an ium w a s  almost corroded through. I n  
moles F- t o  the  s o l u t i o n ,  and t h e  adjustment of 
A t  t h e  air- 
3 
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Figure 1 : POTENTIAL-pH EQUILIBRIUM DIAGRAM FOR THE SYSTEM 
TITANIUM-WATER, AT 25°C. 
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a subsequent test ,  t h e  t i t an ium w a s  no t  abraded and behaved s i m i l a r l y .  With- 
i n  a f e w  minutes,  gas w a s  evolved and the  rest p o t e n t i a l  measured -1.2 v o l t s  
versus  a s a t u r a t e d  calomel e l e c t r o d e  (SCE), i n d i c a t i n g  t h a t  t h e  p r o t e c t i v e  
oxide of the  t i t an ium had been a t t acked  and t h e  t i t an ium w a s  corroding.  
It is  very s i g n i f i c a n t  t h a t  t i t an ium w i l l  corrode i n  t h e  presence of F- a t  
moderate pH. 
s o l u t i o n  wi th  a pH of approximately 5.  Water condensation i n  pores i n  the  
s i l v e r  l a y e r  of s o l a r - c e l l  con tac t s  could then provide conductive s o l u t i o n s  
where t i t an ium would corrode i n  t h e  presence of f l u o r i d e  ions .  
The absorp t ion  of C02 i n  water can very e a s i l y  r e s u l t  i n  a 
3.3 EFFECTS OF HALOGENS ON TITANIUM CORROSION 
To o b t a i n  more q u a n t i t a t i v e  da t a  on t h e  cor ros ion  of t i t an ium a t  moderate 
pH, p o l a r i z a t i o n  curves were taken i n  s o l u t i o n s  of F- and C 1 -  a t  var ious  
pH va lues  and concent ra t ions .  Ex i s t ing  experimental  appara tus  w a s  used 
(Ref. 1 ) .  A t e f l o n  c e l l  w a s  b u i l t  t o  expose 0.75 cm2 of t i t an ium metal 
t o  t h e  s o l u t i o n .  To minimize concent ra t ion  e f f e c t s ,  approximately 50 m l  
of s o l u t i o n  w a s  used i n  each test. The pH of t h e  f l u o r i d e  s o l u t i o n s  w a s  
ad jus t ed  with H2SO4 and/or KOH; t h e  ch lo r ide  s o l u t i o n s  w e r e  ad jus t ed  
using H C 1  and/or  KOH. 
w i th  a l coho l ,  and "conditioned" a t  a cu r ren t  of -10 t o  -20 ma/cm2 f o r  sev- 
erval minutes be fo re  t h e  p o l a r i z a t i o n  curve w a s  taken.  Sweep speeds of 
100 t o  300 mv/min were used i n  t h e  s t u d i e s .  
The t i t an ium w a s  abraded wi th  emery c l o t h ,  c leaned 
A t y p i c a l  p o l a r i z a t i o n  curve (Figure 3) f o r  1 normal NH4F(pH=5) shows t h e  
presence of a p o s i t i v e  cu r ren t  i n  t h e  reg ion  of -800 m v ,  i n d i c a t i n g  corro-  
s i o n .  Assuming t h a t  t h e  uns t i r r e d  s o l u t i o n  i s  d i f fus ion - l imi t ed ,  t h e  
l i m i t i n g  cor ros ion  cu r ren t  can be def ined  ( R e f .  7) as: 
D * z * F * a .  
i =  j
1 6 
where : Dj = d i f f u s i o n  c o e f f i c i e n t  f o r  i on  j (approximately 7.5 x 
sec)  ; 
a = bulk  a c t i v i t y  of j (lom3 moles/ml f o r  a 1 normal s o l u t i o n ) ;  
7 = Faraday cons tan t  (96,500 Coulombs/mole); 
cm2/  
j 
z = number of e l ec t rons  t r a n s f e r r e d  ( f o u r ) ;  
6 = d i f f u s i o n  l a y e r  th ickness  (approximately 5 x lom2 cm). 
Using t h e s e  va lues ,  t h e  l i m i t i n g  cu r ren t  
imate ly  58 m a / c m 2  , which agrees  w e l l  wi th  t h e  experimental ly  observed va lue  
of 53.5 m a / c m 2  f o r  t he  1 normal NHqF(pH=5) s o l u t i o n .  
il can b e  es t imated  t o  be  approx- 
Corrosion w a s  found t o  occur f o r  only some combinations of h a l i d e  i o n  con- 
c e n t r a t i o n s  and pH. 
no cor ros ion  cu r ren t  (Figure 4) .  
For example, t i t an ium i n  1 normal NHqF(pH=6.65) e x h i b i t s  
6 
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The r e s u l t s  from t h e  p o l a r i z a t i o n  tests are summarized below. YES impl ies  
t h a t  a p o s i t i v e  cor ros ion  cu r ren t  w a s  observed; NO i n d i c a t e s  t h a t  co r ros ion  
d id  no t  occur under those condi t ions .  A blank i n d i c a t e s  t h a t  those condi- 
t i o n s  were no t  t e s t e d .  
F luor ide  Solu t ions  Concentrat ion 
1 N  
4 NO YES YES 
5 N  --0.01N 0.1N pH 
5 NO YES YES 
6 NO YES 
6.65 NO 
7 NO 
Chlor ide Solu t ions  Concentrat  ion  
5N 
4 NO NO NO 
- 0.01N 0 . 1 N  - 1 N  pH - -  
4.5 NO 
4.85 NO 
5 .O NO 
The r e s u l t s  i n d i c a t e  t h a t  i nc reases  i n  f l u o r i d e  ion  concent ra t ion  al low 
t i tan ium t o  corrode i n  more n e u t r a l  s o l u t i o n s .  No cor ros ion  w a s  ev ident  
i n  any s o l u t i o n s  conta in ing  ch lo r ide  ions .  
Previous work implied t h a t  C 1 -  enhances degradat ion of s o l a r  ce l l s  (Ref. 1 ) .  
Viewed i n  l i g h t  of t he  present  r e s u l t s ,  i t  i s  apparent  t h a t  low pH i s  t h e  
important  f a c t o r .  
very a c i d i c  s o l u t i o n  where the  co r ros ion  occurs .  This low pH f a l l s  i n  t h e  
r eg ion  of t h e  Pourbaix diagram (Figure 1) where titanium corrodes i n  t h e  
presence of H C 1  because of t h e  formation of a s o l u b l e  species (Ref. 4 ) .  
The H C 1  atmosphere used i n  the  p r i o r  test  provides  a 
E s t i m a t e s  of t h e  cor ros ion  k i n e t i c s  have been made using t h e  experimental  
da ta .  Refer r ing  t o  Figure 3 ,  t h e  po in t  where t h e  p o l a r i z a t i o n  curve c ros ses  
zero is  known as the  "mixed p o t e n t i a l "  and i s  t h e  vo l t age  t h e  system would 
assume in an equi l ibr ium s ta te .  The mixed p o t e n t i a l  r ep resen t s  t h e  sum of 
two competing r eac t ions :  
4H' + 4e- + 2H2 
It i s  poss ib l e  t o  estimate the  cor ros ion  cu r ren t  of t i t an ium a t  t h i s  poten- 
t i a l  by r e p l o t t i n g  the  d a t a  near  t h e  crossover  p o t e n t i a l  as i n  F igure  5.  
9 
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Figure 5: EXPANDED VIEW OF POLARIZATION CURVE (1N NH4F, pH=5 
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A t  -1.1 v o l t s ,  t h e  cor ros ion  cu r ren t  of t i t an ium is  est imated t o  be 3.6 
ma/cm2. From t h i s  d a t a  w e  can estimate the  g i m e  requi red  t o  completely 
d i s s o l v e  the  t i t an ium l a y e r  ( t y p i c a l l y  1,500A) i n  a s o l a r  c e l l  a t  t h i s  cor- 
ro s ion  cu r ren t .  The app l i cab le  equat ion  i s  der ived  from Faraday's Laws 
(Ref. 7) 
where: W = weight of t i t an ium reac ted  (67.5 pg/cm2) ; 
t = t i m e  (seconds) ;  
A = molecular weight (47 gm/mole) ; 
z = number of e l e c t r o n s  t r a n s f e r r e d  ( f o u r ) ;  
7 = Faraday cons tan t  (96,500 Coulombs/mole) . 
Using these  va lues  i t  takes  only 154 seconds t o  d i s s o l v e  1,5001 of t i t a n -  
ium. This  t i m e  scale i n d i c a t e s  t he  cor ros ion  c u r r e n t  of t i t an ium i n  f luo r -  
i d e  s o l u t i o n s  i s  l a r g e  enough t o  be  a p o s s i b l e  con t r ibu to r  t o  s o l a r - c e l l  
degradat ion.  
3.4 PHYSICAL TESTS 
Phys ica l  tests inc luding  micrographs,  m a s s  spec t rographic  a n a l y s i s ,  and 
i n f r a r e d  spectroscopy have been continued t o  c h a r a c t e r i z e  t h e  s o l a r - c e l l  
su r f ace ,  c o n s t i t u e n t s ,  and behavior  a s soc ia t ed  wi th  contac t  degrada t ion .  
These tests are d iscussed  i n  the  subsec t ions  below. 
3 .4 .1  Op t i ca l  and Elec t ron  Micrographs 
Previous work had shown a mot t led ,  g ra in - l ike  s t r u c t u r e  on the  s i l v e r  
su r face  of a s o l a r  ce l l .  S i l i c o n  wafers  w e r e  taken from the  process ing  
l i n e  p r i o r  t o  depos i t i on  of t he  t i t a n i u m / s i l v e r  con tac t s  t o  determine i f  
t h e  mot t led  appearance i s  j u s t  a r e f l e c t i o n  of s u b s t r a t e  s t r u c t u r e .  (These 
samples and the  s i lver -coa ted  wedge used i n  t h e  I R  s t u d i e s  w e r e  obtained 
through the  cour tesy  of E .  L.  Ralph of Hel iotek.)  Op t i ca l  micrographs of 
t h e  s i l i c o n  s u r f a c e  (Figures  6 and 7) confirm t h a t  t h e  mot t led  appearance 
is  from chemical e t ch ing  wi th  HF. This mot t led  appearance,  a l s o  c a l l e d  
"orange pee l , "  is  a common phenomenon a s soc ia t ed  w i t h  HF e t ch ing  and i t s  
appearance depends on t h e  bu f fe r ing  and temperature of t h e  e t chan t  solu-  
t i o n ,  as w e l l  as o the r  f a c t o r s .  
P a r t  of a s i l i c o n  wafer w a s  lapped wi th  a mild ab ras ive  t o  produce a 5-degree 
beve l  t o  t h e  s u r f a c e  (Figure 8) .  
and unlapped s i l i c o n  i n d i c a t e s  a non-planar s u r f a c e  r e s u l t i n g  from t h e  
chemical e t c h .  Figure 9 ,  showing c a l i b r a t i o n  l i n e s  from an in t e r f e romete r  
( t h r e e  l i n e s  equals  1 micron) ,  i n d i c a t e s  a 2-micron depth from the  e t c h .  
The i r r e g u l a r  boundary between t h e  lapped 
A s imilar  l ap  f o r  a completed s o l a r  ce l l  (Figure 10) shows t h e  uneven sur-  
faces .  The s i lver  con tac t  is  on t h e  r i g h t ,  t h e  edge of t h e  s i l i c o n  wafer 
i s  on the  l e f t ,  and t h e  lapped s e c t i o n  appears  i n  t h e  upper p a r t  of t h e  
photograph. Another area on t h e  c e l l  is shown i n  Figure 11. 
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F i g u r e  6 :  SILICON WAFER PRIOR TO DEPOSITION OF CONTACTS 
(45X M a g n i f i c a t i o n )  
F i g u r e  7 : SILICON WAFER PRIOR TO DEPOSITION OF CONTACTS 
(200X M a g n i f i c a t i o n )  
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F i g u r e  8 : B E V E L L E D  SILICON WAFER, 
143X M a g n i f i c a t i o n  
F i g u r e  9 : B E V E L L E D  SILICON WAFER, 
143X Magni f i ca t i  on 
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Figure i o :  BEVELLED SOLAR CELL SURFACE, 
143 X MAGNIFICATION 
Figure 11: BEVELLED SOLAR CELL SURFACE, 
143 X MAGNIFICATION 
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3.4.2 Mass Spectrographic  Analysis 
F luor ide  w a s  p rev ious ly  shown t o  be p re sen t  as a contaminant i n  s o l a r  cells  
(Ref. 1 ) .  
int roduced i n t o  t h e  s o l a r  ce l l  manufacturing process .  Using a spark-source 
m a s s  spectrograph (CEC Model 21-llOB), s i l i c o n  wafers  ready f o r  contac t  
evapora t ion  were analyzed f o r  contaminants. The r e s u l t s  are shown below. 
Further  s t u d i e s  were made t o  determine where t h e  F- w a s  being 
Amount of Contaminant 
Sample A Sample  B 
Organics * C , CH4 
N a  1-10 PPM 120 PPM 
c1 1-10 PPM 260 PPM 
Excess C 1  --- 
F 20 PPM 500 PPM 
75 PPM 
*Mass/charge r a t i o  up t o  7 1  
The excess  ch lo r ine  r ep resen t s  t h e  quan t i ty  t h a t  cannot b e  d i r e c t l y  a t t r i -  
buted t o  N a C 1 ,  an e a s i l y  obtained contaminant i n  m a s s  spec t rographic  analy- 
s is .  The organic  fragments are most l i k e l y  from so lven t s  used i n  t h e  clean- 
ing  process .  There w a s  a d d i t i o n a l  evidence f o r  t h e i r  presence from co lo r  
f r i n g e s  i n  o p t i c a l  micrographs. The presence of f l u o r i d e  i s  c o n s i s t e n t  w i th  
previous d a t a ,  and i t s  source i s  a t t r i b u t e d  t o  the  HI? used t o  e t c h  t h e  wafers  
be fo re  contac t  evapora t ion .  These r e s u l t s  imply t h a t  t h e  c leaning  process ,  
which w a s  p rev ious ly  thought t o  thoroughly c l ean  s u r f a c e s ,  i s  incomplete and 
leaves p o t e n t i a l l y  co r ros ive  f l u o r i d e  ions  w i t h i n  the  completed ce l l .  
3.4.3 I n t e r n a l  Re f l ec t ion  Spectroscopy 
Prel iminary experiments have been performed using i n t e r n a l  r e f l e c t i o n  spec t ro-  
scopy t o  search  f o r  submicron pores i n  the  s i l v e r  l a y e r  of a s o l a r  c e l l .  Three 
microns of s i lver  w e r e  evaporated on a s i l i c o n  wedge (Ref 1) by t h e  Boeing 
microe lec t ronics  labora tory .  A second s i l i c o n  wedge w a s  coated w i t h  3 microns 
of si lver using t h e  same method employed i n  the  manufacture of s o l a r  c e l l s .  
I f  t h e  s i lver  l a y e r  i s  porous and al lows water t o  condense i n  t h e  pores and 
c o l l e c t  a t  t h e  s i l v e r - s i l i c o n  i n t e r f a c e  t h e  i n f r a r e d  spectrum (Figure 12) w i l l  
show a decrease i n  t ransmission i n  t h e  reg ion  of 3500 cm-1 ( t h e  s t r e t c h i n g  
frequency of t he  0-H bond i n  wa te r ) .  Adsorbed water on the edges of t he  
s i l i c o n  wedge w i l l  no t  be de tec ted  by t h i s  method; t hus ,  i t  i s  a s e n s i t i v e  
tes t  t o  t h e  presence of condensed water i n  t h e  system. 
Four humidi t ies  have been chosen f o r  t h e  test: 
t ive  humidity.  These humidi t ies  are obtained using s a t u r a t e d  s a l t  s o l u t i o n s ,  
which ar.e accu ra t e  t o  2% relat ive humidity (Ref. 8 ) .  The coated s i l i c o n  
wedge is  mounted i n  a t e f l o n  holder  (Figure.13)  and placed i n  a c losed  con- 
t a i n e r  above t h e  d e s i r e d  s o l u t i o n  (Figure 14) f o r  a given l eng th  of t i m e .  
Then I R  s p e c t r a  are taken t o  e s t a b l i s h  the  presence of water. Low humidi t ies  
are used f i r s t  t o  test  the  hypothesis  t h a t  condensation occurs  only a t  c e r t a i n  
humidi t ies  
32%, 52%, 75%, and 96% rela- 
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F i g u r e  13 : SPECIMEN IN TEFLON HOLDER 
17 
D2-126194-2 
Figure 14: S P E C I M E N  I N  H U M I D I T Y  C H A M B E R  
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I n i t i a l  experiments w i t h  t h e  Boeing-coated wedge produced s u r p r i s i n g  r e s u l t s .  
A f t e r  48 hours  i n  a 96% relat ive humidity t h e  I R  spectrum i n d i c a t e d  t h e  pres- 
ence of water, and several s m a l l  b l i s t e r s  appeared i n  t h e  s i l ve r  l a y e r .  Un- 
f o r t u n a t e l y  t h e  sample w a s  destroyed b e f o r e  t h e  b l i s t e r s  could be  analyzed. 
We are repea t ing  t h e  experiment. I f  t h e  b l i s t e r s  can be reproduced, t h e  
r e s u l t s  can be s i g n i f i c a n t  i n  i n t e r p r e t i n g  t h e  cor ros ion  process  of s o l a r  
cel ls .  Titanium corros ion  cannot be  considered t h e  source  of t h e  b l i s t e r s  
s i n c e  t h e r e  i s  none i n  t h e  sample. Three p o s s i b i l i t i e s  remain: (1) t h e  
s i lver  i s  corroding wi th  a gas being evolved; (2) t h e  s i l i c o n  i s  corroding;  
o r  (3 )  condensed w a t e r  i s  t h e  cause of t h e  b l i s t e r s .  S i lver ,  being p a s s i v e ,  
i s  u n l i k e l y  t o  
are occurr ing.  
be  corroding. More probable  is t h a t  t h e  fol lowing r e a c t i o n s  
+ S i  + 2H20 + Si02  + 4H + 4e- 
and: 2H' + 2e- + H2(g) 
+ o r :  S i  + 4H + 4e' + SiH4(g) 
Fur ther  tests are needed t o  e s t a b l i s h  t h e  cause of t h e s e  b l i s t e r s .  
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4.0 CONCLUSIONS 
Conclusions based on t h e  work done during t h e  performance per iod  are: 
o Chemical e tch ing  of t h e  s i l i c o n  wafers  p r i o r  t o  depos i t i on  of t h e  
con tac t  creates nonuniform s u r f a c e s .  Evaporated con tac t s  r e f l e c t  t h e  
s i l i c o n  s u r f a c e  contours ,  producing t h e  mot t led  appearance of s o l a r  
ce l l  con tac t s .  
o The cleaning process  i s  incomplete.  This  may be caused i n  p a r t  by 
the  nonuniform s u r f  ace of t h e  s i l i c o n  wafer  . 
o Titanium can corrode i n  s o l u t i o n s  of moderate pH wi th  F- p r e s e n t ,  bu t  
C1- does not  cause cor ros ion  under similar cond i t ions .  
o Ten ta t ive  v e r i f i c a t i o n  of t h e  s i lver  p o r o s i t y  has been achieved using 
i n t e r n a l  r e f l e c t i o n  spectroscopy.  
20 
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5.0 PROGRAM FOR NEXT PERIOD 
Work planned f o r  t h e  l a s t  5 months of t he  c o n t r a c t  inc ludes :  
e Continuat ion of t he  i n t e r n a l  r e f l e c t i o n  spectroscopy s t u d i e s  on 
Boeing-prepared and vendor-prepared s i l i c o n  wedges wi th  s i l ve r  and 
s i lve r - t i t an ium coat ings ;  
a Continued e lec t rochemica l  s t u d i e s  of t i t an ium,  s i l i c o n ,  and s i l ve r  
cor ros ion  i n  t h e  presence of contaminants under var ious  environ- 
mental  condi t ions ;  
0 Cor re l a t ion  of e x i s t i n g  d a t a  obtained a t  Boeing and elsewhere t o  
produce a f i n a l  model t h a t  expla ins  the  cor ros ion  process ;  
a Recommendations t o  NASA and manufacturers on the  b e s t  means of 
e l imina t ing  t h e  s o l a r  c e l l  contac t  degradat ion problem. 
2 1  
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